M ore than 30% of all lysosomal diseases are mucopolysaccharidoses, disorders affecting the enzymes needed for the stepwise degradation of glycosaminoglycans (mucopolysaccharides). Mucopolysaccharidosis type IIIC (MPS IIIC) is a severe neurologic disease caused by genetic deficiency of heparan sulfate acetyl-CoA: a-glucosaminide N-acetyltransferase (HGSNAT). Through our studies, we have cloned the gene, identified molecular defects in MPS IIIC patients and most recently completed phenotypic characterization of the first animal model of the disease, a mouse with a germline inactivation of the Hgsnat gene. 1 The obtained data have led us to propose that Hgsnat deficiency and lysosomal accumulation of heparan sulfate in microglial cells followed by their activation and cytokine release result in mitochondrial dysfunction in the neurons causing their death which explains why MPS IIIC manifests primarily as a neurodegenerative disease. The goal of this addendum is to summarize data yielding new insights into the mechanism of MPS IIIC and promising novel therapeutic solutions for this and similar disorders.
Genetic Diseases of Heparan Sulfate Degradation and MPS IIIC
Heparan sulfate (HS) is a repeating disaccharide comprised of units of sulfated L-iduronic or glucuronic acid linked to Nglucosamine. HS is found in proteoglycans associated with the cell membrane in nearly all cells, but is most abundant in connective tissues and intracellular matrix where is has been shown to play crucial roles in cellular interactions and signaling. 2 Stepwise degradation of HS occurs within the lysosomes by the concerted action of at least 8 enzymes: 4 sulfatases, 3 exoglycosidases and one N-acetyltransferase, which work sequentially at the terminus of HS chains, producing free sulfate and monosaccharides.
The most biochemically intriguing of the enzymes of HS catabolism is heparan sulfate acetyl-CoA: a-glucosaminide Nacetyltransferase (HGSNAT), which catalyzes the only known synthetic reaction in the lysosome. The enzyme is critical to generate the acetylated version of glucosamine because there is no enzyme that can act on the unacetylated molecule. Since the acetyl donor, acetyl-CoA (AcCoA), is not stable in the lysosomal environment, 3 HGSNAT catalyzes the acetylation of HS via a transmembrane reaction. 4 Seven lysosomal storage diseases are caused by genetic deficiencies of the enzymes involved in HS catabolism. Three of them: MPS I (Hurler-Scheie syndrome, a-iduronidase deficiency), MPS II (Hunter syndrome, iduronate sulfatase deficiency), and MPS VII (Sly syndrome, glucuronidase deficiency) also have blocks in dermatan sulfate degradation and therefore cause accumulation of both compounds. Defects in the remaining 4 enzymes, a-N-acetylglucosaminidase, heparan N-sulfatase, HGSNAT and N-acetylglucosamine 6-sulfatase, uniquely block the catabolism of HS. 7 Most patients become demented and die before adulthood but some survive to the fourth decade with progressive dementia and retinitis pigmentosa. 7, 8 MPS IIIC contributes to about 25% of all Sanfilippo cases but the disease has higher birth prevalence in some countries such as Portugal and the Netherlands where it's frequency was estimated as 0.12 and 0.21 per 100,000 births respectively.
9,10
Identification of the MPS IIIC gene and molecular defects in MPS IIIC patients Despite being the topic of considerable investigation, for many years the isolation and cloning of HGSNAT has been hampered by its low tissue content, instability, and hydrophobic nature. We mapped the gene responsible for MPS IIIC to an 8.3-cM interval of chromosome 8 11, 12 (further reduced to a 2.6 cM interval between D8S1051 and D8S1831 13 ) and identified it as the TMEM76 (currently HGSNSAT) gene which product had 11 predicted transmembrane domains and 4 potential N-glycosylation sites. 13 Independently the HGSNAT gene was identified by comparable proteomic analysis of the lysosomal membrane. 14 The cloning of the HGSNAT gene paved the way for identification of molecular defects in MPS IIIC patients: a total of 63 mutations affecting almost all 18 exons and many introns of the gene in MPS IIIC patients were reported by us 13, 15, 16 as well as by others. 14, 17, 18 All variants are currently listed in a locus specific online database (LSDB) at http:// chromium.liacs.nl/LOVD2/home.php? select_dbDHGSNAT. The spectrum of mutations in MPS IIIC patients shows high heterogeneity, but some identified mutations have high frequency within a population suggesting founder effects, such as in the Netherlands, 15 Italy 17 or Portugal 18 whereas several mutations were common across populations.
MPS IIIC as a protein missfolding disease
Identification of the molecular defects in MPS IIIC gave rise to a question why the patients bearing missense mutations (identified in about 50% of cases) all have clinical phenotype as severe as in those affected with splice, frameshift or nonsense mutations completely abolishing production of the protein. To answer this we studied catalytic activity, oligomeric structure and biogenesis of HGSNAT and its mutants. 19, 20 Our results showed that HGSNAT is synthesized as a catalytically inactive 78-kDa precursor transported to the lysosomes via an adaptor proteinmediated pathway involving tyrosine and dileucine-based conserved lysosomal targeting signals in its C-terminal cytoplasmic domain with a contribution of a dileucine-based signal in the N-terminal cytoplasmic loop. In the lysosome the precursor is cleaved into a 29-kDa N-terminal a-chain and a 49-kDa C-terminal b-chain held together by disulfide bonds between cysteine residues in its lysosomal luminal loops and assembled into 440-kDa tetramers. This proteolytic cleavage allows acetyl-CoA to access the enzyme active site and acetylate the nucleophilic residue His269 for further transfer of the acetyl group to the glucosamine group on HS. 19 Interestingly, the follow up study by Fan et al. 21 while confirming that the HGSNAT precursor is processed into a small N-terminal and a larger C-terminal chains, reported that this cleavage and oligomerization were not necessary for activation of the enzyme, since the purified precursor of recombinant HGSNAT showed some enzymatic activity. Fan et al. also reported that according to their kinetic data the catalytic mechanism of the enzymatic reaction involved formation of a ternary complex between the enzyme, AcCoA and HS. While direct structural studies are necessary to understand how HGSNAT functions and how it is processed and assembled, our hypothesis that HGSNAT is activated through intralysosomal proteolytic cleavage is indirectly supported by the results of the expression analysis of the 18 HGSNAT mutants representing all identified to date missense MPS IIIC mutations. 20 All expressed HGSNAT mutants were abnormally glycosylated and retained in the endoplasmic reticulum instead of being targeted to the lysosome suggesting that they lack a normal protein fold. All mutants were also missing proteolytic processing. These results showed that the enzyme folding defects due to missense mutations, together with nonsense-mediated mRNA decay, are the 2 major molecular mechanisms underlying MPS IIIC 20 and point to the important role that impairment of normal protein folding plays in development of clinical symptoms in MPS III. Storage of missfolded protein aggregates has been reported in the brains of knockout mouse model of MPS IIIB, 22, 23 although the molecular basis of this accumulation still remains the subject of discussion since other reports did not detect signs of the ER stress or impaired proteasomal activity in the same model. 24, 25 Nevertheless it is tempting to speculate that the accumulation of missfolded HGSNAT in the cells of patients affected with missense mutations may cause a dominant effect stressing ER-associated protein degradation machinery and affecting general protein degradation pathways and cell homeostasis. Comparative study of the brain pathology in Hgsnat knockout mouse model and those expressing missfolded HGSNAT protein would be instrumental for clarifying this issue.
Generation, biochemical validation and phenotypic characterization of the MPS IIIC mouse model
Important insights into the physiological mechanism underlying the development of clinical symptoms in MPS IIIA and B have been provided by studying animal models of the disease, principally the 2 mouse models: a knockout mouse model of MPS IIIB 26 and a spontaneous mouse model of MPS IIIA. 27 Since no animal models existed for MPS IIIC, we used gene trap technology to generate a functional knockout of the Hgsnat locus in C57Bl/6N mice. 1 A cassette containing a fusion between the b-galactosidase and neomycin resistance genes (b-geo selectable marker) was inserted into the intron 7 of the Hgsnat gene, generating a nonfunctional Hgsnat fusion transcript.
Hgsnat mRNA expression and level of HGSNAT activity in multiple tissues and in cultured skin fibroblasts from the homozygous for the Hgsnat-Geo allele animals (Hgsnat-Geo mice) were reduced to 0.6-1.5% as compared to WT confirming the efficiency of the splicing and validating the model biochemically.
Hgsnat-Geo mice were viable, had normal growth and did not present symptoms of the disease until the age of 11-12 months when they started showing weight loss, loss of fur and abnormal gait. About 30% of animals at this age showed spasticity of hind limbs and loss of coordination in a balance test. At~65 weeks of age mice presented signs of urinary retention resulting in abdominal distension (absent in human patients but present in the mouse models of both MPS IIIA and MPS IIIB 22, 27 ) and had to be euthanized. The mean lifespan of Hgsnat-Geo mice was around 65 weeks, about half of that of WT C57Bl/6J mice (Fig. 1) .
Increased activity and reduced anxiety (i.e. higher than average speed and distance traveled, increased frequency of crossing the central field and central distance traveled, as well as decreased frequency and duration of periods of immobility) was detected by open field test at 8 months of age (Fig. 1) . By the age of 10 months the signs of hyperactive behavior diminished resembling the trend observed in human patients.
Defects in hippocampal function were detected at 10 months by the Morris Water Maze test to measure memory and spatial learning capability. The learning progress of mutant mice at the ages of 5, 7 and 8 months was similar to that of their WT counterparts, whereas at the age of 10 months, Hgsnat-Geo mice needed significantly more time to find the hidden platform, suggesting impaired spatial learning (Fig. 1) . Additionally, when the platform was removed, HGSNAT-deficient mice spent significantly less time and traveled less distance than WT mice in the target quadrant where the platform used to be located, which indicated a decline of spatial memory. To summarize, the clinical symptoms in Hgsnat-Geo mice start at 6-8 months with hyperactivity, and reduced anxiety; cognitive memory decline becomes apparent at 10 months and at 12-13 months mice show signs of unbalanced gait and urinary retention (Fig. 1) .
Brain pathology in MPS IIIC mice
To elucidate the pathophysiological mechanism underlying behavioral abnormalities we analyzed brain structure by light and electron microscopy. In contrast to human MPS III patients who show rapid neurodegeneration 28 mouse brain cortex had normal stratification even at the age of 12 months suggesting the absence of massive neurodepletion. However, by quantifying NeuN-stained neurons in somatosensory cortex we showed that neuronal loss in homozygous HgsnatGeo mice actually occurs starting from the age of 10 months and results by the age of 12 months in the >30% reduction of neuronal density (Fig. 2A) . In the cerebellar cortex, Purkinje cell loss was also substantial by 12 months, especially in the anterior lobe (Fig. 2B) . In contrast Increased activity (total distance traveled) was detected at 8 months. Reduced anxiety (increased center activity) was detected at 6 and 8 months. P value was calculated by 2-way-ANOVA (*P < 0.05, **P < 0.01). gradually increasing levels of activated isolectin B4/CD68-positive microglia cells and GFAP-positive astrocytes were detected throughout the brain (Fig. 2C) . Together with increased expression of inflammation markers, MIP1a (CCL3) and TNFa 1 these data were consistent with progressive neuroinflammation in Hgsnat-Geo mice.
Multiple CD68-positive foam microglia cells with storage vacuoles were present in both gray and white matter being most prominent in caudoputamen and brain cortex. Presence of storage materials in microglia was detected as early as at 2 months of age and seemed to be the initial pathological event in the brain preceding pathological changes in neurons. Storage in microglia further increased with age.
In neurons progressive cytoplasmic accumulation of autofluorescent granular material was observed in all examined brain regions. At 5 months storage was restricted to individual neurons but at 12 months it affected the whole neuronal population especially the cells in deep cortical layers, hippocampus and cerebellum. At the ultrastructural level, neurons showed progressive lysosomal accumulation of closely packed fibrillary deposits of a rectilinear and/or fingerprint type resembling those detected in neuronal ceroid lipofuscinoses and different from storage vacuoles in microglia, which had a uniform electron-lucent appearance (Fig. 2D,  E) . Similar heterogeneous storage and the presence of "fingerprint-like" structures identified as the aggregates of the subunit C of mitochondrial ATP synthase (SCMAS) were previously reported for other MPS mouse models. 29, 30 At the most advanced stages of the disease (14-16 months), these deposits became the dominant ultrastructural pattern in neuronal lysosomes. Besides, individual neurons underwent severe regressive changes.
Materials stored in the brain cells were further studied by immunohistochemistry. HS storage was detected in the lysosomes of multiple NeuN-positive neurons, but most of HS storage was detected in activated foam microglia cells positive for isolectin B4 and CD68. G M2 and G M3 gangliosides, almost undetectable in the brain of WT mice were highly present in Figure 2 . Pathological changes in the brains of Hgsnat-Geo mice. (A) Progressive loss of neurons in somatosensory cortex. NeuN-positive neurons were counted in 2 adjacent fields on 3 sagittal sections (1.44, 1.68 and 1.92 mm from bregma) of S1 somatosensory cortex; 2 male and 2 female mice were studied for each age and each genotype. Two-way repeated measurements ANOVA was used to test differences between the mouse groups: significant differences between the mean values in Bonferroni post-test (*P < 0.05, **P < 0.001, ***P < 0.0001) are shown. the neurons in most brain areas of HgsnatGeo mice. The highest number of ganglioside-storing neurons was found in deep layers of cortex and hippocampus and in contrast to HS accumulation it dramatically increased with age. Stored gangliosides only partially co-localized with lysosomal marker LAMP-1 suggesting that they were also accumulated in the compartments having non-lysosomal origin. Similarly to neurons of MPS IIIA and MPS IIIB mouse models 22, 23 neurons of Hgsnat-Geo mice also contained SCMAS aggregates, increased levels of ubiquitin and protein markers of Alzheimer disease and other tauopathies such as lysozyme, hyperphosphorylated tau (Ptau), Ptau kinase, Gsk3b, and b amyloid suggestive of mitophagy and a general impairment of proteolysis. Indeed, starting from 6 months of age increased levels of LC3-phosphatidylethanolamine conjugate (LC3-II) were detected in brain tissues indicating increased autophagosomal genesis or decreased macroautophagic flux. We also detected increased levels of OGlcNAc-modified proteins, an indication of the ER stress often associated with impaired cellular proteolysis. 31 
Progressive mitochondrial pathology in the neurons of MPS IIIC mice
One of the most striking pathological changes in neurons observed in all parts of the brain was progressive mitochondrial damage. Mitochondria were pleomorphic and increased in number; many of them were swollen and contained disorganized cristae or reduced number of cristae. In contrast no structural changes were observed in the mitochondria of microglial cells. Neurons containing swollen mitochondria were present as early as at 5 month of age, and by the age of 12 months the mitochondrial damage was observed in the majority of neurons (Fig. 2F, G) . Besides, the mitochondrial network was less organized and the ratio between the fused and single mitochondria was reduced in the neurons of Hgsnat-Geo mice as compared with WT mice. High degree of co-localization was observed between mitochondria and stored gangliosides suggesting that some of the ganglioside-storing granules could appear in the result of impaired mitophagy.
Consistent with the progressive mitochondrial defects observed by light and electron microscopy, activities of complex IV (COX) and complex II (SQR) mitochondrial enzymes and the total content of coenzyme Q10 in the brain tissues were significantly lower in Hgsnat-Geo mice than in the corresponding WT controls at the ages of 8 and 12 months, respectively. Besides, the activities of complex II (SQR), complex IICIII (SCCR) and citrate synthase in Hgsnat-Geo mice decreased significantly with age, whereas no such dependence was detected for the WT animals.
Putative mechanism underlying neurodegeneration in the MPS IIIC mice
Further studies are necessary to determine the precise sequence of events that leads to a widespread brain pathology and neuronal death in MPS IIIC. Our results however allow hypothesizing that the malfunction and loss of neurons can be at least partially mediated by pathological changes in their mitochondrial system. We speculate that accumulation of HS and HS-derived oligosaccharides in microglia is the primary pathological event that triggers a cascade of downstream reactions. HS-derived oligosaccharides presumably released by exocytosis of lysosomes are known to induce general inflammation reactions in the brain by activating TLR receptors of microglia cells, resulting in release of multifunctional cytokines such as TNF-a and MIP-1-a. We speculate that these cytokines known to cause mitochondrial damage through formation of ROS and oxidative stress [32] [33] [34] eventually lead to neuronal death observed in somatosensory cortex and cerebellum in MPS IIIC mice and dominant in all brain regions of MPS III patients 28 (Fig. 3) . Progressive accumulation of ganglioside and ceroid-type densely packed protein aggregates detected in neurons at the advanced stage of the disease can also be partially of mitochondrial origin due to mitophagy and impaired catabolism of autophagosomal content. While out data suggest autophagic alterations in the brain cells of HgsnatGeo mouse, it remains to be determined whether autophagy is indeed impaired since the detected LC3-II accumulation can reflect both increased autophagy or defective proteolysis following formation Figure 3 . Proposed mechanism underlying brain disease in Hgsnat-Geo mice. The disease starts with accumulation of HS and HS-derived oligosaccharides in microglial cells (1) . Through their release by exocytosis of lysosomes and action on TLR receptors (2) these materials induce general inflammation reactions in the brain, including the release of multifunctional cytokines such as TNFa and MIP-1a (3). The cytokines cause mitochondrial damage (4), and together with primary storage contribute to autophagy block and secondary storage of gangliosides and missfolded proteins in neurons (5) eventually leading to neuronal death in critical areas (6) . of the autophagosome. Further studies are also necessary to determine if progressive neuroinflammation/mitochondrial dysfunction, which we defined here for MPS IIIC may represent a common phenomenon for metabolic neurodegenerative diseases.
Potential implications for therapy of MPS IIIC patients
Currently, there is no specific treatment for MPS IIIC and since the CNS is the major affected organ and the deficient HGSNAT is a multi-span transmembrane protein, it is unlikely that enzyme replacement can be effective for treating this disorder, leaving gene therapy, chaperone therapy (for patients affected with missense mutations) and substrate reduction therapy as potentially suitable approaches. For 5 missense mutations in MPS IIIC we could partially rescue the mutant missfolded enzyme by treating patient's cells with the competitive inhibitor of HGSNAT, glucosamine.
16 These "responding" mutations are among the most frequent, so the majority of known MPS IIIC patients are affected with at least one of them. The effect of glucosamine in most cases was relatively modest, i.e., the restored level of enzyme activity was below that in the normal control cells, probably because glucosamine is a relatively weak inhibitor of HGSNAT, 16 but other more potent chaperones could probably produce enough enzyme in the patient's cells to reverse the HS storage.
The analysis of MPS IIIC mouse model showing that pathological changes in the brain start from storage of HS in microglia followed by their activation and cytokine release, suggests that patients with MPS IIIC can eventually benefit from a gene therapy approach based on correcting the deficient enzyme activity in monocyte/macrophage cells via lentivirusmediated targeting of the HGSNAT gene into haematopoietic stem/progenitor cells (HSPC), followed by their transplantation. This procedure should eventually populate the brain with microglia overexpressing HGSNAT, stop storage of toxic HS species in microglia and reduce inflammation. This could slow down the neuronal death and potentially improve clinical phenotype. Since microglia are derived from HSPC, they are the only brain cells that can be readily targeted without performing difficult, expensive, and potentially dangerous stereotactic or intrathecal delivery of the virus. Most importantly, targeting monocyte/macrophage lineages offers not only correction of the enzymatic and metabolic defect but also correction of the secondary abnormalities related to dysfunction of engorged macrophages such as production of inflammatory cytokines, ROS, and other tissue-damaging stimuli, thus breaking a vicious cycle: storage ! dysfunction ! recruitment/activation of further macrophages ! increased storage. If confirmed this approach may provide a paradigm for therapeutic interventions in other neurodegenerative disorders involving brain inflammation.
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